Concentrated nitric acid was diluted 2-fold with distilled water.
Introduction
The autocatalytic reaction is one of the chemical amplification reactions in which catalysts are exponentially produced from a substance as an indicator. 1 The determination of 10 −9 M levels of cobalt(II) using the cobalt(II)-complex/OXONE ® (2KHSO5·K2SO4·KHSO4; Aldrich Inc.) system, [2] [3] [4] the determination of sub-mg L −1 levels of horse radish peroxidase (HRP) using the sodium sulfite/hydrogen peroxide system, 5 and the determination of 10 −14 M ruthenium(III) using the copper(II)-ptharocyanine/potassium bromate system 6 have been reported as measurement systems using the autocatalytic reaction. These measurement methods using the autocatalytic reaction can easily determine trace amounts of the analytes.
However, these reported measurement methods have been the only two kinds of methods using the absorbance-time curve [2] [3] [4] 6 and pH-time curve 5 until now. Furthermore, the analytes that were able to determine selectively using the autocatalytic reaction were only for cobalt(II), 4 ruthenium(III), 6 and nickel(II). 7 Therefore, in order to apply the autocatalytic reaction to various analytes, the appearance of one's reaction that has a new signaltime curve is important. From such a view point, in this paper, the measurement method of analyte as target is developed by using a redox potential-time curve.
In the iron(II)/nitric acid autocatalytic reaction system, there is the characteristic of a rapidly changing redox potential after an arbitrary inductive time. This reaction has been known for a long time, and that the reaction mechanism was analyzed in detail by Epstein et al. in the 1980s. 8, 9 The reaction, which can be described as follows, occurred in the iron(II)/nitric acid autocatalytic reaction system:
Iron(II) was oxidized to iron(III) by reacting with a nitrate ion under a strong acidic condition, and nitrogen monoxide (NO) was produced by its reaction. Moreover, NOs are autocatalytically produced because the reaction is accelerated by the production of NO. 8 When various chemical species coexisted in this autocatalytic reaction, it was found that trace amounts of folic acid remarkably delayed the inductive time of the autocatalytic reaction. Therefore, the determination of trace amounts of folic acid was achieved by using a redox potentialtime curve in the autocatalytic reaction, which was developed in this study.
Folic acid is one of the water-soluble B-vitamins that are essential for normal human cell division and cell growth. A deficiency of folate in the diet is closely linked to the presence of neural tube defects in newborns and to an increased risk of megaloblastic anemia, cancer, Alzheimer's disease and cardiobascular disease in adults. 10, 11 Therefore, it is important to develop its determination method. In this paper, the redox potential-time curve in the iron(II)/nitric acid autocatalytic reaction and the time measurement-determination of folic acid are described in detail.
Experimental

Reagent
Iron(II) sulfate heptahydrate, nitric acid, and folic acid were purchased from Kanto Chemicals (Tokyo, Japan). All other reagents were of analytical grade.
Preparation of 4 × 10 −2 M FeSO4 solution
A 2.7802-g portion of iron(II) sulfate heptahydrate was dissolved in distilled water. It was placed into a 100-mL volumetric flask, and diluted to the mark. dissolved in distilled water. It was placed in a 100-mL volumetric flask, and diluted to the mark as a 1 × 10 −2 M mother solution. The mother solution was further diluted before use.
Apparatus
The redox potential was measured by an F-22 redox potential meter (Horiba Co.) with a platinum disc electrode. A CTE-42A (Yamato Co.) was used as the thermostat.
Procedure
One milliliter of the 4 × 10 −2 M FeSO4 solution, 2 mL of the sample solution containing folic acid, and 1 mL of 8 M nitric acid were successively added with stirring by a magnetic stirrer in a 20-mL beaker. The redox potential of this mixture was immediately measured by a platinum electrode. The inductive time was determined by the time from when the reaction started to when the potential reached 700 mV.
Results and Discussion
Redox potential-time curve
The redox potential of the reaction solution slowly rose from ca. 400 to ca. 600 mV, and then it rapidly rose from ca. 600 to ca. 800 mV. The redox potential-time curve showed a sigmoidal shape, which had an arbitrary induction time; the curve is shown by "curve a" in Fig. 1 . The time in which the potential reached 700 mV was selected to determine the inductive time, because changing the redox potential produced the largest slope. This change in the redox potential occurred by oxidizing iron(II) to iron(III) with NO, which is exponentially produced. 8 The inductive time became long with the increasing FeSO4 concentration. For this reason, it is considered that it takes more time to consume iron(II) when the concentration of iron(II), which acts as a reductant in Eq. (1), increases. On the contrary, the inductive time became shorter with increasing nitric acid concentration. For this reason, it is considered that Eq. (1) is accelerated when the concentration of nitric acid, which acts as an oxidant, increases. The inductive time was also shortened with increasing temperature. This is due to the fact that the reaction rate becomes faster as the temperature increases.
Searching for the chemical substances which influence the reaction
The influence of coexisting substances was examined. The results are summarized in Table 1 . The concentration at which each coexisting substance did not affect the reaction was evaluated by the concentration whose value in the equation shown in the outline of Table 1 become less than ±5%. The time (blank) expresses the induction time in the blank reaction, including only the distilled water in the reaction solution; the time (each substances) expresses the induction time in the reaction that let each chemical substance coexist.
The concentration that did not influence the coexistence for the reaction was 2.5 × 10 −3 M for glucose, fructose, lactose, maltose, levulose, nicotinamide, iron(III) and L-glutaminic acid. It was 2.5 × 10 −4 M for sodium(I), potassium(I), iron(II), copper(II), cobalt(II), chloride, nitrate, carbonate ions, L-ascorbic acid and xylose. It was 2.5 × 10 −5 M for the phosphate ion, sulfate ion, pyridoxine, thiamine, molybdenum(VI) and nickel(II). It was 2.5 × 10 −6 M for riboflavin and ruthenium(III). It was 2.5 × 10 −7 M for folic acid, pterin and pteroic acid. It was 2.5 mg L −1 for horse radish peroxidase. The influence on the reaction of all these coexisting ions acted to extend the induction time.
The determination of trace amounts of folic acid using a redox potential-time curve
The folic acid that showed a strong reaction inhibition in the iron(II)/nitric acid autocatalytic reaction was found by searching for the coexisting ions described above. The development of a determination method for folic acid using the time measurement was examined by this technique. The redox potential-time curve when the concentration of the folic acid was changed is shown in Fig. 1 . As a result, the induction time was extended when the concentration of folic acid increased. 
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Considering the inhibitation effect of the folic acid
From the viewpoint of the molecule frame, the inhibitation effect could be considered. The L-glutaminic acid, pteroic acid and pterin, which formed the molecule frame of the folic acid, were made to coexist. This is the reason why the folic acid that remarkably interfered in the iron(II)/nitric acid system could be known. The molecular structure of the folic acid is shown in Fig. 2 . For each chemical species, the concentration that influenced the reaction was examined. The concentration of L-glutaminic acid was 2.5 × 10 −3 M. Moreover, the concentration of pteroic acid and pterin was 2.5 × 10 −7 M. This concentration level was almost similar to that of the folic acid. Therefore, for the reaction inhibition effect of folic acid, it is thought that the pterin frame, which is the simplest structure among pteroic acid and pterin, is strongly associated with it.
The chemicals that had reductive characteristics, like L-ascorbic acid and B-vitamins, were the main ones for the chemical species that strongly influenced the reaction given in Table 1 . Therefore, the pterin frame in the folic acid also has reductive characteristics in the catalytic reaction, which is the reason why folic acid strongly influences the reaction is proposed. For example, there is a report that folic acid (FH2 + in pH < 1.6, F − = folate) becomes tetrahydrofolate (·FH4 2+ ), which is a reduction body when the radical chemical species coexists in a strongly acidic condition. 12 Therefore, folic acid absorbs the nitrogen monoxide radical, and then becomes the tetrahydrofolate, which is the reductant of folic acid in the first reaction step. The first reaction step was expressed as follows:
In addition, there is the report that tetrahydropterin reduces the central metal iron(III) of the heme to iron(II). 13, 14 In other words, iron(II) is oxidized to iron(III) by the reaction of nitric acid, and it is reduced again to iron(II) by the tetrahydropterin frame of the tetrahydrofolate in the second reaction step. The second reaction step is impressed as Fe 3+ + ·FH4 2+ → Fe 2+ + FH4 3+ .
Therefore, it is thought that folic acid works as a catalyst by repeating the first and second steps. Naturally, both the first and second steps become a factor to extend the induction time in the iron(II)/nitric acid autocatalytic reaction system.
In addition, the concentration of folic acid, which influences the autocatalytic reaction, is lower than that of the general reductants (e.g., L-ascorbic acid and sugars) given in Table 1 . The reason is considered to be as follows. The limited concentration of non-influence in general reductants (e.g., L-ascorbic acid and sugars) is almost as much as the concentration in iron(II), which is the chemical substance that changes redox potential, because the effect of these reductants is only reduced iron(III), which is produced from Eq. (1) to iron(II). On the other hand, the limited concentration of noninfluence in folic acid is a further three orders lower than in the above-mentioned reductants, because not only the folic acid has the effect of Eq. (3), in which folic acid reduces the iron(III), but also has the effect of Eq. (2), in which folic acid absorbs the nitrogen monoxide radical. Especially, the effect of Eq. (2) remarkably extends the inductive time, because the effect decreases so as to produce autocatalysis during the initial period of the autocatalytic reaction.
Calibration curve
The calibration curve for determining the folic acid concentration is shown in Fig. 3 . The relationship of the folic acid concentration (x, M) vs. the reciprocal number of the induction time (y, s) forms a good straight line. This result agrees well with the relationship of time vs. the concentration of the trigger in the theoretical equation for the autocatalytic reaction given in a previous report. 2 The equation for the straight line was as follow: 1/y = −141.6x + 0.0032; the correlation coefficient (r) was r = 0.9977. The determination range for folic acid was 7.5 × 10 −7 -1.5 × 10 −5 M, the value of the detection limit (3s) was 5.9 × 10 −7 M, and the relative standard deviation (RSD) was 3.6% (n = 5). As a result, it was possible to determine the concentration of folic acid using the autocatalytic reaction with the iron(II)/nitric acid system.
